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ABSTRACT Spirochaetesisoneofafewbacterialphylathatarecharacterizedbyaunifyingdiagnosticfeature,namely,thehelical
morphologyandmotilityconferredbyaxialperiplasmicﬂagella.Theiruniquemorphologyandmodeofpropulsionalsorepre-
sentmajorpathogenicityfactorsofclinicalspirochetes.Herewedescribethegenomesequencesoftwococcoidisolatesofthe
recentlydescribedgenus Sphaerochaetawhicharemembersofthephylum Spirochaetesbasedon16SrRNAgeneandwhole-
genomephylogenies.Interestingly,the Sphaerochaetagenomescompletelylackthemotilityandassociatedsignaltransduction
genespresentinallsequencedspirochetegenomes.Additionalanalysesrevealedthatthelackofﬂagellaisassociatedwitha
unique,nonrigidcellwallstructurehallmarkedbyalackoftranspeptidaseandtransglycosylasegenes,whichisalsounprece-
dentedinspirochetes.The Sphaerochaetagenomesarehighlyenrichedinfermentationandcarbohydratemetabolismgenesrel-
ativetootherspirochetes,indicatingafermentativelifestyle.Remarkably,mostoftheenrichedgenesappeartohavebeenac-
quiredfromnonspirochetes,particularlyclostridia,inseveralmassivehorizontalgenetransferevents(>40%ofthetotal
numberofgenesineachgenome).Suchahighlevelofdirectinterphylumgeneticexchangeisextremelyrareamongmesophilic
organismsandhasimportantimplicationsfortheassemblyoftheprokaryotictreeoflife.
IMPORTANCE Spiralshapeandmotilityhistoricallyhavebeentheunifyinghallmarksofthephylum Spirochaetes.Thesefeatures
alsorepresentimportantvirulencefactorsofhighlyinvasivepathogenicspirochetessuchasthecausativeagentsofsyphilisand
Lymedisease.Throughtheintegrationofgenomesequencing,microscopy,andphysiologicalstudies,weconclusivelyshowthat
thespiralmorphologyandmotilityofspirochetesarenotuniversalmorphologicalproperties.Inparticular,wefoundthatthe
genomesofthemembersoftherecentlydescribedgenus Sphaerochaetalackthegenesencodingthecharacteristicﬂagellarappa-
ratusand,incontrasttomostotherspirochetes,haveacquiredmanymetabolicandfermentationgenesfromclostridia.These
ﬁndingshavemajorimplicationsfortheisolationandstudyofspirochetes,thediagnosisofspirochete-causeddiseases,andthe
reconstructionoftheevolutionaryhistoryofthisimportantbacterialphylum.The Sphaerochaetasp.genomesoffernewavenues
tolinkecophysiologywiththefunctionalityandevolutionofthespirocheteﬂagellarapparatus.
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S
pirochaetes is a diverse, deeply branching phylum of Gram-
negative bacteria. Members of this phylum share distinctive
morphological features, i.e., a spiral shape and axial, periplasmic
ﬂagella (1, 2). These traits enable propulsion through highly vis-
cous media and thus are directly associated with the ecological
niches spirochetes occupy. For instance, motility mediated by ax-
ial ﬂagella represents a major pathogenicity factor that allows
strainsoftheTreponema,Borrelia,andLeptospirageneratoinvade
and colonize host tissues, resulting in important diseases such as
Lymediseaseandsyphilis.Severalstudieshaveshownthatdisrup-
tionoftheﬂagellargenesorthechemotaxisgenesthatcontrolthe
periplasmic ﬂagella attenuates the pathogenic potential of spiro-
chetes (3–5).
The focus on clinical isolates has biased our understanding of
the ecology, physiology, and diversity of the phylum Spirochaetes.
Indeed, free-living, nonpathogenic spirochetes are greatly under-
represented in culture collections, while culture-independent
studies have revealed that spirochetes are ubiquitous in anoxic
environments, implying that they are key players in anaerobic
food webs (6–9). Consistent with the latter ﬁndings, studies of
members of the genus Spirochaeta have demonstrated that envi-
ronmental isolates possess physiological properties distinct from
thoseoftheirpathogenicrelatives;e.g.,theyencodeadiversesetof
saccharolytic enzymes (7), while other members of the genus are
alkaliphiles (10) and thermophiles (11). More recently, screening
of environmental samples revealed a novel genus of free-living
spirochetes, Sphaerochaeta (12). Phylogenetic analysis of 16S
rRNA genes identiﬁed this group as a member of the phylum
Spirochaetes, most closely related to the genus Spirochaeta. Inter-
estingly, Sphaerochaeta pleomorpha strain Grapes and Sphaero-
chaeta globosa strain Buddy are nonmotile and show the same
spherical morphology during laboratory cultivation (12). How-
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lack of motility represent a distinct stage of the cell cycle and/or
responses to culture conditions or if these distinguishing features
have a genetic basis.
Toelucidatethemetabolicpropertiesandevolutionaryhistory
of environmental, nonpathogenic spirochetes and to provide in-
sights into the unusual morphological features of Sphaerochaeta,
we sequenced the genomes of strain Grapes and strain Buddy,
which represent the type strains of S. pleomorpha and S. globosa,
respectively. Our analyses of the two complete genome sequences
suggest that the members of the genus Sphaerochaeta are unique
spirochetes that completely lack the genes for the motility appa-
ratus and have acquired nearly half of their genomes from Gram-
positive bacteria, an extremely rare event among mesophilic or-
ganisms.
RESULTS
Phylogenetic afﬁliation. The S. pleomorpha strain Grapes and S.
globosa strain Buddy genomes contain about 3,200 and 3,000 pu-
tative protein coding sequences and have average GC contents
of 46 and 49% and sizes of 3.5 and 3.2 Mbp, respectively (see
Table S1 in the supplemental material). The two genomes share
about1,850orthologousgenes(i.e.,57to61%ofthetotalnumber
ofgenesinthegenome,dependingonthereferencegenome),and
thesegenesshow,onaverage,65%aminoacididentity.Therefore,
the two genomes represent two divergent species of the genus
Sphaerochaeta according to current taxonomic standards (13).
Phylogenetic analysis of the concatenated alignment of 43
highlyconserved,single-copyinformationalgenes(seeTableS2in
the supplemental material), which showed no obvious horizontal
gene transfer (HGT) signal when their individual trees were as-
sessed against the 16S rRNA gene tree, corroborated previous 16S
rRNA gene-based ﬁndings (12). The genus Sphaerochaeta repre-
sents a distinct lineage of the phylum Spirochaetes most closely
relatedtomembersofthegenusSpirochaeta,e.g.,Spirochaetacoc-
coides and Spirochaeta smaragdinae (Fig. 1). The average amino
acid identity between S. smaragdinae and S. pleomorpha or S. glo-
bosawas46%(basedon900sharedorthologousgenes).Thislevel
ofgenomicrelatednessistypicallyobservedbetweenorganismsof
different families, if not orders (14); hence, Sphaerochaeta and
Spirochaeta represent distantly related genera of the phylum Spi-
rochaetes.Otherspirochetalgenomeshadfewerorthologousgenes
in common with Sphaerochaeta (i.e., 300 to 500), and these genes
showed lower levels of amino acid identity than those of S. sma-
ragdinae(e.g.,30to45%).Noobviousinter-orintraphylumHGT
of any of the 43 informational genes was observed when the phy-
logenetic analysis was expanded to include selected genomes of
Proteobacteria and Gram-positive bacteria (see below).
Motilityandchemotaxis.Typicalspirochetalﬂagellaarecom-
posed of about 30 different proteins (15), and about a dozen ad-
ditional regulatory and sensory proteins have been demonstrated
to interact directly with ﬂagellar proteins, such as the methyl-
accepting chemotaxis proteins encoded by the che operon (1). To
determinewhetherornottheSphaerochaetagenomespossessmo-
tility genes, we queried the protein sequences of the Treponema
pallidumﬂagellarandchemotaxisgenesagainsttheS.pleomorpha
andS.globosagenomesequences(tBLASTn).AlthoughtheT.pal-
lidum sequences had clear orthologs in all available spirochetal
genomes,noneofthemotilityorchemotaxisgeneswerepresentin
FIG1 PhylogeneticafﬁliationofS.globosaandS.pleomorpha.Neighbor-joiningphylogenetictreesofSphaerochaetaandselectedbacterialspeciesbasedon16S
rRNAgenesequences(A)andtheconcatenatedalignmentof43single-copyinformationalgenesequences(B)areshown.Valuesatthenodesrepresentbootstrap
support from 1,000 replicates. The scale bar represents the number of nucleotide (A) or amino acid (B) substitutions per site.
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quencing, assembly errors, or low sequence similarity did not
present a plausible explanation for these results since the ﬂagellar
genes are typically located in three distinct, large gene clusters,
each 20 to 30 kbp long, and it is not likely that such clusters were
missed in genome sequencing and annotation. Consistent with
these interpretations, all of the informational genes encoding ri-
bosomalproteinsandRNAandDNApolymeraseswererecovered
intheassembledgenomesequences.Theseresultswereconsistent
with previous microscopic observations and corroborated the
ﬁnding that the spherical morphology characteristic of Sphaero-
chaeta is related to the absence of axial ﬂagella (12).
Auniquecellwallstructure.Ouranalysesrevealedadditional
featuresofSphaerochaetathatareunusualamongspirochetesand
Gram-negative bacteria in general and are probably linked to the
lack of axial ﬂagella. Both Sphaerochaeta genomes contain all of
the genes required for peptidoglycan biosynthesis, and electron
microscopy veriﬁed the presence of a cell wall in growing cells
(12);however,thegenomeslackgenesforpenicillin-bindingpro-
teins (PBP). PBP catalyze the formation of linear glycan chains
(transglycosylation) during cell elongation and the transpeptida-
tion of murein glycan chains (see Table S3 in the supplemental
material), which confers rigidity on the cell wall (16, 17). Conse-
quently, Sphaerochaeta spp. are resistant to -lactam antibiotics
(ampicillin at up to 250 g/ml, which was the highest concentra-
tion tested). In Gram-negative bacteria without antibiotic resis-
tance mechanisms, including clinical spirochetes, -lactam anti-
biotics block PBP functionality, resulting in cell lysis. Often,
-lactam-treated, cell wall-deﬁcient cells can be maintained in
isotonic growth media as so-called L forms with characteristic
sphericalmorphologies(18–20).WhileSphaerochaetasp.cellsoc-
cur in spherical morphologies (Fig. 2A), they possess a cell wall,
grow in deﬁned hypertonic and hypotonic media without the ad-
dition of osmotic stabilizers (12), and are not L forms. It is con-
ceivable that a rigid cell wall is required for anchoring of the axial
ﬂagella. Thus, the absence of both axial ﬂagella and PBP genes
presumably explains the atypical spirochete morphology of the
members of the genus Sphaerochaeta. The loss of the ﬂagella and
PBP genes likely occurred in the ancestor of Sphaerochaeta, since
both members of the genus lack these genes.
Extensive gene acquisition from Gram-positive bacteria.
Searching of all Sphaerochaeta protein sequences against the
nonredundant (NR) protein database of GenBank revealed that
~700 of the protein-encoding genes had best matches to genes of
membersoftheorderClostridiales(phylumFirmicutes),~700had
bestmatchestogenesofmembersofthephylumSpirochaetes,and
~100hadbestmatchestogenesofmembersoftheclassBacilli(see
Fig. S1 in the supplemental material). Consistent with the best-
match results, S. pleomorpha and S. globosa exclusively shared
moreuniquegeneswithclostridiathanwithothermembersofthe
phylum Spirochaetes (~110 versus ~70 genes, respectively). Both
species exclusively had a substantial number of unique genes in
common with Bacilli (phylum Firmicutes, 25 genes) and Esche-
richia (Gammaproteobacteria, 60 and 10 genes for S. pleomorpha
and S. globosa, respectively) (Fig. 3B). Functional analysis based
on the COG database showed that the spirochete-like genes of
Sphaerochaeta were associated mostly with informational catego-
ries, e.g., transcription and translation, whereas the clostridium-
like genes were highly enriched in metabolic functions, e.g., car-
bohydrate and amino acid metabolism and transport (see Fig. S1
and S2 in the supplemental material). Several of the carbohydrate
and amino acid metabolism genes, such as the multidomain glu-
tamate synthase (SpiBuddy_0108-0113) and genes related to
polysaccharide biosynthesis (SpiBuddy_0254-0259), were found
in large gene clusters, indicating that their acquisition likely oc-
curred in single HGT events. Interestingly, many of the
clostridium-like genes had high sequence identity to their clos-
tridial homologs (70% amino acid identity), even though these
genesdidnotencodeinformationalproteins(e.g.,ribosomalpro-
teins and RNA/DNA polymerases). While informational genes
tend to show high levels of sequence conservation, much lower
sequence conservation was expected for (vertically inherited)
FIG2 AbsenceofﬂagellarandchemotaxisgenesfromSphaerochaetagenomes.(A)TransmissionelectronmicrographshowingthenonspiralshapeofS.globosa
strain Buddy and S. pleomorpha strain Grapes cells. (B) Heat map showing the presence or absence and the level of amino acid identity (see scale) of T. pallidum
chemotaxis, ﬂagellar assembly, and locomotion gene homologs in selected spirochetal genomes.
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genetic exchange events between Sphaerochaeta and Clostridiales
occurredrecentlyrelativetothedivergenceoftheSpirochaetesand
Firmicutes phyla.
Homology-based (best-hit) bioinformatic analyses are inher-
ently prone to artifacts, including uneven numbers of representa-
tive genomes in the database, disparate GC contents, different
rates of evolution, multidomain proteins, and gene loss (21, 22).
To provide further insights into the genome ﬂuidity of Sphaero-
chaeta and the interphylum HGT events, we performed a detailed
phylogeneticanalysisof223orthologousproteinsthathadatleast
one homologous sequence in each of the taxa evaluated (i.e.,
Sphaerochaetaspp.,S.smaragdinae,othermembersofthephylum
Spirochaetes, Escherichia coli, and Clostridiales). We evaluated
genetic exchange events based on embedded quartet decomposit-
ion analysis (23) by using both the maximum-parsimony (MP)
and neighbor-joining (NJ) methods and 178 trees with at least
50% bootstrap support in all branches. The gene set contributing
to the trees was biased toward informational functions; hence, it
was not surprising that the most frequent topology obtained (123
trees [MP] and 129 trees [NJ]) was congruent with the 16S rRNA
gene-based topology, denoting no interphylum genetic exchange.
Nonetheless, the analysis also provided trees with topologies
consistent with genetic exchange between Clostridiales and
Sphaerochaeta and identiﬁed 19 (MP) and 18 (NJ) genes (i.e.,
~10%ofthetotalnumberoftreesevaluated)thatweremostlikely
subject to interphylum HGT. This gene set was enriched in genes
encoding metabolic functions, e.g., carbohydrate metabolism
(Fig.3A).Abouthalfofthe19treesidentiﬁedbyMPanalysiswere
consistent with genetic exchange between Clostridiales and the
ancestor of both S. smaragdinae and Sphaerochaeta, while the
othertreeswereconsistentwithexchangebetweentheancestorof
Clostridiales and Sphaerochaeta (more recent events; Fig. 3). The
phylogeneticdistributionofthegenesexchangedbetweenClostri-
diales and Sphaerochaeta in other spirochetes and Gram-positive
bacteria (e.g., see Fig. S3 in the supplemental material) suggested
that members of the order Clostridiales were predominantly the
donors (95% of the genes examined) in these genetic exchange
events (unidirectional HGT). These ﬁndings corroborated those
of the best-match analysis and collectively revealed that, with the
exceptionofinformationalgenes,interphylumHGTandgeneloss
(e.g., ﬂagellar genes) have shaped more than half of the Sphaero-
chaeta genomes through evolutionary time.
How unique is the case of Sphaerochaeta-Clostridiales gene
transfer?Weevaluatedhowfrequentlyahighlevelofinterphylum
gene transfer such as that observed between Clostridiales and
Sphaerochaetagenomesoccurswithintheprokaryoticdomain.To
this end, the ratio of the number of genes of a reference genome
with best matches in a genome of a different phylum versus the
number of genes of the reference genome with best matches to a
genome of a member of the same phylum was determined. To
account for differences in the coverage of phyla with sequenced
representatives, the analysis was performed using three genomes
atatime(twoofthesamephylumandoneofadifferentphylum).
Further, only genomes of the same phylum that showed genetic
relatedness among them, measured by the genome-aggregate av-
erage amino acid identity, or gAAI (14), similar to that between
Sphaerochaeta and selected Spirochaetes genomes, i.e., Leptospira
(48% gAAI) and Treponema (52% gAAI) genomes, were com-
pared. This strategy sidesteps the limitation that the number of
genes common to any two genomes depends on the genetic relat-
edness between the genomes (see Fig. S4 in the supplemental ma-
terial) (24) and thus can affect estimates of the number of best-
match genes and HGT. The sets compared represented 12
different bacterial and 3 archaeal phyla and 308 and 249 different
genomes (150,022 and 86,516 unique 3-genome sets) for the 48%
and 52% gAAI set comparisons, respectively. The analysis re-
vealed that the extent of genetic exchange between Sphaerochaeta
andClostridialesishighlyuncommonrelativetothatwhichoccurs
amongothergenomes,i.e.,theupper99.74thand99.99thpercen-
tiles for the 48% and 52% gAAI sets, respectively. Similar results
were obtained when all of the genes in the genome or only the
genescommontothethreegenomes,whichwereenrichedincon-
served housekeeping functions, were evaluated (Fig. 4). Most of
the clostridium-like genes in Sphaerochaeta genomes had best
matches within a phylogenetically narrow group of clostridia that
included fermenters such as Clostridium saccharolyticum and
Clostridiumphytofermentans,whichareassociatedwithanaerobic
organic matter decomposition (25), and species such as Eubacte-
rium rectale (26) and Butyrivibrio proteoclasticus (27), which are
associated with the animal gut.
FIG 3 HGT between Sphaerochaeta spp. and Clostridiales. The cladogram depicts the 16S rRNA gene phylogeny. Arrows connecting branches represent cases
ofHGT(A);thevaluesnexttothearrowsindicatethenumbersofgenesexchanged(outofatotalof178genesexamined).Piechartsshowthedistributionofthe
genes in major COG functional categories (the key at the bottom shows the category designations by color). Orthologous genes shared exclusively by Sphaero-
chaeta and other taxa are graphically represented by arcs in panel B. The thickness of each arc is proportional to the number of genes shared (see scale bar).
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reconstruction revealed that most of the central metabolic path-
ways were common to S. pleomorpha and S. globosa (Fig. 5). The
completeglycolyticandpentosephosphatepathwayswerepresent
in both genomes. Only a few genes for the tricarboxylic acid
(TCA) cycle, such as those for citrate lyase, 2-oxoglutarate oxi-
doreductase, and succinate dehydrogenase, were found, suggest-
ing an incomplete TCA cycle. A recent study of Synechococcus sp.
strain PCC 7002, a photosynthetic cyanobacterium, identiﬁed
missingcyanobacterialTCAcyclefunctionsamongtheuncharac-
terized genes of this genome. Two proteins, encoded by the
SynPCC7002_A2770 and SynPCC7002_A2771 genes, were re-
ported to carry out the (previously) missing functions of
2-oxoglutarate decarboxylase and succinic semialdehyde dehy-
drogenase, respectively (28). Searches for homology between
thesetwogenesandtheSphaerochaetagenomesdetectedonlyone
homolog, that of SynPCC7002_A2770, with 56% amino acid
identity. These results indicate that the missing functions of the
TCAcycleinSphaerochaetamightbefoundamongtheuncharac-
terized genes of the genome.
Anotherimportantfeatureofthetwogenomeswastheabsence
ofkeycomponentsofrespiratoryelectrontransportchainssuchas
c-type cytochromes and the ubiquinol-cytochrome c reductase
(cytochrome bc1 complex), corroborating physiological test ﬁnd-
ings that Sphaerochaeta spp. do not respire. Instead, cellular en-
ergy conservation (ATP, reducing power) in Sphaerochaeta relies
on fermentation, a feature common to several other spirochetes
lacking respiratory functions, including members of the Spiro-
chaeta, Borrelia, and Treponema genera (29). In Sphaerochaeta,
homofermentation of lactate and mixed-acid fermentation ap-
pear to be the dominant fermentation pathways, producing lac-
tate,acetate,formate,ethanol,H2,andCO2,consistentwithphys-
iological observations. A few genes possibly related to alternative
means of energy generation were also present in the genomes and
included the rnf and nqr redox complexes. The rnf and nqr com-
plexesexportprotonsand/orions(e.g.,Na)bycouplingtheﬂow
ofelectronsfromareducedferredoxintoNAD(30).Thistrans-
membrane potential can be used by V-type ATPases (e.g.,
SpiGrapes_0737-0742) for ATP synthesis or energize ion-
dependent transporters for the uptake of sugars or amino acids.
The two Sphaerochaeta genomes also encode an assortment of
transport proteins for the uptake and utilization of oligo- and
monosaccharides. Genes involved in carbohydrate metabolism
and amino acid transport and metabolism are also overrepre-
sented relative to those in other spirochete genomes. In contrast,
genes involved in signal transduction, intracellular trafﬁcking,
motility, posttranscriptional modiﬁcation, and cell wall and
membrane biogenesis are underrepresented in Sphaerochaeta ge-
nomes(seeFig.S2inthesupplementalmaterial).Consistentwith
an anaerobic lifestyle (6, 9), several genes related to oxidative
stress and protection from reactive oxygen species were found in
the Sphaerochaeta genomes. Genes encoding alkyl hydroperoxide
reductase, superoxide dismutase, manganese superoxide dismu-
tase, glutaredoxin, peroxidase, and catalase indicate that Sphaero-
chaetaspp.areadaptedtoenvironmentswithoxidativestressﬂuc-
tuations. The genome analysis provided no evidence for the
formation of selenocysteine.
Each Sphaerochaeta genome contains about 850 species-
speciﬁc genes (~25% of the genome), the majority of which have
unknown or poorly characterized functions (see Fig. S5 in the
supplemental material). Nevertheless, our analyses identiﬁed a
few genes or pathways that can functionally differentiate the two
Sphaerochaetaspeciesandmighthaveimplicationsforthehabitat
distribution of each species. For example, S. pleomorpha-speciﬁc
genes were enriched in sugar metabolism and energy production
functions, including genes for trehalose and maltose utilization
and the complete (TCA cycle-independent) fermentation path-
wayforcitrateutilization(31)(greengenesinFig.5).Further,the
genomeofS.pleomorphauniquelycontainsseveralgenesinvolved
in cell wall and capsule formation, such as those for phosphohep-
tose isomerase (capsular heptose biosynthesis) and anhydro-N-
acetylmuramic acid kinase (peptidoglycan recycling) (32). These
ﬁndings revealed that S. pleomorpha has a potential for capsule
formation and can use a wider range of carbohydrates than S.
globosa,whicharebothconsistentwithpreviouslyreportedexper-
imental observations (12). Almost all of the S. globosa-speciﬁc
genes have unknown or poorly characterized functions.
Bioinformatic predictions in deeply branching organisms.
Sphaerochaeta spp. probably represent a new family or even an
order within the phylum Spirochaetes based on their divergent
genomes and unique morphological and phylogenetic features.
Bioinformaticfunctionalpredictions,particularlyforsuchdeeply
branchingorganisms,areoftenlimitedbyweaksequencesimilar-
FIG 4 Comparisons of the extents of interphylum HGT. The ratio of the
number of genes of a reference genome with best BLASTP matches in a ge-
nome of a different phylum relative to a genome of the same phylum as the
reference genome was determined in three-genome comparisons (sets) as de-
scribed in the text. The graph shows the distribution of the ratios for 150,022
and 86,516 comparisons that included genomes of the same phylum showing
~48% and ~52% gAAI, respectively; the distributions were based on all of the
genes common to the three genomes in a comparison (A) and all of the genes
in the reference genome (B). Horizontal bars represent the median, the upper
and lower box boundaries represent the upper and lower quartiles, and the
upperandlowerwhiskersrepresentthe99thpercentile.Opencirclesrepresent
the values for the Sphaerochaeta-Clostridiales case.
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genes or pathways. Nonetheless, bioinformatic analysis remains a
powerfultoolforhypothesisgeneration,aswellasforunderstand-
ingofthephenotypicdifferencesamongorganisms.Forthegenus
Sphaerochaeta, experimental evidence conﬁrmed all of our bioin-
formatic predictions. For instance, we have conﬁrmed experi-
mentally (12) the predictions regarding the resistance of Sphaero-
chaeta to -lactam antibiotics (based on the lack of PBP),
utilizationofvariousoligo-andmonosaccharides,anunusualcell
wallstructure,absenceofmotility,andtolerancetooxygen.These
results revealed that bioinformatic-analysis-based inferences
about the metabolism and physiology of deep-branching organ-
isms such as those in the genus Sphaerochaeta can be robust and
reliable.
Sphaerochaeta and reductive dechlorination. Sphaerochaeta
spp. commonly co-occur with obligate organohalide respirers of
the genus Dehalococcoides (9, 12). The reasons for this association
are unclear, but it may have important practical implications for
the bioremediation of chloro-organic pollutants. The Sphaero-
chaetagenomeshaveprovidedsomecluesandledtonewhypoth-
eses with respect to the potential interactions between free-living,
nonmotile Sphaerochaeta spp. and Dehalococcoides dechlorina-
tors. For instance, it was previously hypothesized that Sphaero-
chaeta may provide a corrinoid to dechlorinators, an essential co-
factor for reductive dechlorination activity (33). However,
genome analyses revealed that Sphaerochaeta genomes encode
only the cobalamin salvage pathway, which is not in agreement
with the corrinoid hypothesis. Alternative intriguing hypotheses
include the possibility that the fermentation carried out by
Sphaerochaeta provides essential substrates (e.g., acetate and H2)
to Dehalococcoides or that Sphaerochaeta spp. help to protect
highly redox-sensitive Dehalococcoides cells from oxidants (i.e.,
oxygen) (34).
DISCUSSION
Genomic analyses revealed the absence of motility genes, the un-
derrepresentationofsensing/regulatorygenes(Fig.2;seeFig.S2in
the supplemental material), and the unusual lack of transpepti-
dase and transglycosylase genes involved in cell wall formation
and explained the resistance of Sphaerochaeta spp. to -lactam
antibiotics and their unusual cell morphology. These ﬁndings
demonstrate that a spiral shape and motility are not attributes
sharedbyallofthemembersofthephylumSpirochaetes,breaking
with the prevalent dogma in spirochete biology that “spirochetes
are one of the few major bacterial groups whose natural phyloge-
netic relationships are evident at the level of phenotypic charac-
FIG5 OverviewofthemetabolicpathwaysencodedbytheS.pleomorphaandS.globosagenomes.Shownaretheprimaryenergygenerationpathways,diversity
of carbohydrate metabolism pathways, biosynthesis genes for amino acids and fatty acids, and cell wall features encoded by both genomes. Pathways not found
in the genomes, such as those encoding ﬂagellar and two-component signal transduction systems related to motility, are in red. The substrates and pathways
found exclusively in S. pleomorpha are in green. Transporters related to carbohydrate metabolism (in blue), metal ion transport and metabolism (in gray), and
phosphate and nitrogen uptake (in yellow) are also shown.
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members of the genus Sphaerochaeta are not clear, but the lack of
transpeptidase activity (i.e., loss of cell wall rigidity) may have
been associated with the loss of axial ﬂagella. Cell wall rigidity is
presumably necessary for anchoring of the two ends of the axial
ﬂagellum; hence, permanent loss of cell wall rigidity is likely det-
rimental to the proper functioning of an axial ﬂagellum. It is also
possible that habitats such as anoxic sediments enriched in or-
ganicmatterand/orcharacterizedbyaconstantinﬂuxofnutrients
do not select for motility (36, 37) and favor the loss of genes en-
coding the motility apparatus; Sphaerochaeta spp. were obtained
from such habitats (12).
Their unusual nonrigid cell wall structure likely imposes addi-
tional challenges to the maintenance of cell integrity by Sphaero-
chaeta organisms. A cellular adaptation to maintain membrane
integrity,possiblyaccountingforthelackofarigidcellwall,isthe
tight regulation of intracellular osmotic potential. Several genes
encodingthebiosynthesisofosmoregulatingperiplasmicglucans,
osmoprotectant ABC transporters, an uptake system for betaine
and choline, and potassium homeostasis were found in the ge-
nomes of S. globosa and S. pleomorpha, suggesting ﬁne-tuned re-
sponsestoosmoticstressors.Theimportanceoftheseﬁndingsfor
explainingSphaerochaetasp.survivalandecologicalsuccessinthe
environment remains to be experimentally veriﬁed.
Thelossofmotilitygenesimposesnewchallengesfortheiden-
tiﬁcation of nonmotile spirochetes in environmental or clinical
samples. Free-living spirochetes are isolated routinely by selective
enrichment for spiral motility, using specialized ﬁlters and/or so-
lidiﬁed media, and by taking advantage of the unique spiral mor-
phology, mode of propulsion, and natural rifampin resistance of
spirochetes (38). Therefore, traditional isolation methods have
failed to recognize and have likely underestimated the abundance
and distribution of nonmotile spirochetes. New isolation proce-
duresshouldbeadoptedtoexpandourunderstandingoftheecol-
ogyanddiversityofthisclinicallyandenvironmentallyimportant
bacterial phylum. The genome sequences reported here will
greatly assist such efforts; for instance, they have revealed that
Sphaerochaeta spp. are naturally resistant to -lactam antibiotics.
The Sphaerochaeta genomes also provide a long-needed negative
control (i.e., lack of axial ﬂagella) to launch new investigations
intotheﬂagellum-mediatedinfectionprocessofspirochetescaus-
ing life-threatening diseases. Further, the recently determined ge-
nome sequence of Spirochaeta coccoides (accession number
CP002659) also lacks the ﬂagellum, chemotaxis, and PBP genes
and is more closely related to Sphaerochaeta than to other mem-
bersofthegenusSpirochaeta(e.g.,S.smaragdinae).Theseﬁndings
indicate that, to date, nonspiral cell morphology is phylogeneti-
cally restricted to the closely related genera Spirochaeta and
SphaerochaetawithinthephylumSpirochaetesandthatS.coccoides
may justiﬁably be considered a member of the genus Sphaero-
chaeta.
Our analyses revealed that more than 10% of the core genes
and presumably more than 50% of the auxiliary and secondary
metabolism genes of Sphaerochaeta were acquired from Gram-
positive members of the phylum Firmicutes. The extensive unidi-
rectional HGT (i.e., Clostridiales to Sphaerochaeta) implied that
the two taxa (or their ancestors) have an ecological niche(s)
and/orphysiologicalpropertiesincommon.Consistentwiththese
interpretations, ecological overlap between Clostridiales and both
host-associated and free-living spirochetes was observed previ-
ously. For instance, several genes related to carbohydrate metab-
olisminBrachyspirahyodysenteriae,ananaerobic,commensalspi-
rochete, appear to have been acquired from co-occurring
members of the genera Escherichia and Clostridium in the porcine
large intestine (29). Among free-living spirochetes, ecological
overlapislikelytooccurwithinanaerobicfoodwebswherespiro-
chetes and clostridia coexist (36, 39). For example, the biomass
yieldsofandratesofcellulosedegradationbyClostridiumthermo-
cellum increase when it is grown in coculture with Spirochaeta
caldaria (40). In agreement with these studies, the genes trans-
ferredbetweenSphaerochaetaandClostridialeswereheavilybiased
toward carbohydrate uptake and fermentative metabolism func-
tions. A more comprehensive phylogenetic analysis that included
35spirochetalandclostridialgenomes(seeTableS1inthesupple-
mental material) indicated that Sphaerochaeta acquired several,
but not all, of its clostridium-like genes from the ancestor of the
anaerobiccellulolyticbacteriumC.phytofermentans(seeFig.S3in
the supplemental material), which was also consistent with the
BLASTP-based results of the three-genome comparisons.
Suchahighlevelofinterphylumgeneticexchangeisextremely
rareamongmesophilicorganismslikeSphaerochaeta(Fig.4)(41).
This level of HGT has been reported previously only for thermo-
philic Thermotoga spp. (i.e., organisms living under extreme en-
vironmental selection pressures) (42). On the other hand, we did
not observe HGT that affected informational proteins such as ri-
bosomal proteins and DNA/RNA polymerases, suggesting that
the reconstruction of spirochetal phylogenetic relationships, and
in general, the construction of the bacterial tree of life, can be
attained even in cases of extensive genetic exchange of metabolic
genes (for a contrasting opinion, see reference 43). In the case of
Sphaerochaeta, the massive HGT was apparently favored by an
ecological niche overlap with Clostridiales and/or strong func-
tionalinteractionswithinanoxicenvironments.Thealtered,non-
rigid cell wall structure of Sphaerochaeta might have played a role
in the high level of genetic exchange observed, e.g., by facilitating
DNAtransferacrossthecellwall,althoughexperimentalevidence
for this hypothesis is lacking. These ﬁndings highlight the impor-
tance of both ecology and environment in determining the rates
and magnitudes of HGT. The acquisition of quantitative insights
into the role of the environment and shared ecological niches in
HGTwillleadtoamoreeducatedassemblyoftheprokaryotictree
of life based on measurable and quantiﬁable properties.
MATERIALS AND METHODS
Organisms used in this study. The genome sequence of each Sphaero-
chaeta species used in this study is shown in Table S1 in the supplemental
material. The accession numbers of the genomes are CP003155 (S. pleo-
morpha)andCP002541(S.globosa).Detailsregardingtheconditionsused
to isolate type species are available elsewhere (12).
Sequence analysis and metabolic reconstruction. Orthologous pro-
teinsbetweenSphaerochaetaandselectedpubliclyavailablegenomeswere
identiﬁedbyareciprocalbest-matchapproachandaminimumcutofffor
a match of 70% coverage of the query sequence and 30% amino acid
identity,asdescribedpreviously(44).Forphylogeneticanalysis,sequence
alignments were constructed using the ClustalW software (45) and trees
werebuiltusingtheNJalgorithmasimplementedintheMEGA4package
(46). Central metabolic pathways were reconstructed using Pathway
Tools version 14 (47). The annotation ﬁles required as the input to Path-
way Tools were prepared from the consensus results of two approaches.
First,aminoacidsequencesofpredictedproteinswereannotatedbasedon
theirbestBLASTmatchesagainsttheNR(48),KEGG(49),andCOG(50)
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RAST annotation pipeline (51) to ensure that the previous approach did
notmissanyimportantgenesandtoassignproteinsequencestofunctions
and enzymatic reactions (EC numbers). The results of both approaches
were used to extract gene names and EC numbers. Disagreements be-
tween the two approaches were resolved by manual curation.
HGT analysis. For best-match analysis, strain Buddy protein se-
quences were searched for using BLASTP against two databases, (i) all
completed prokaryotic genomes available in January 2011 (n  1,445)
and (ii) the NR database (release 178). The best match for each query
sequence,withbetterthan70%coverageofthelengthofthequeryprotein
and30%aminoacididentity,wasidentiﬁed,andthetaxonomicafﬁliation
of the genome containing the best match was extracted from the NCBI
taxonomy browser. HGT events were identiﬁed as follows. Orthologous
protein sequences present in at least one representative genome from the
ﬁve groups used (i.e., Sphaerochaeta, S. smaragdinae, other spirochetes,
Clostridiales, and E. coli) were identiﬁed and aligned as described above.
Phylogenetic trees for each alignment were built in PHYLIP v3.6 (J.
Felsenstein, University of Washington, Seattle, WA [http://evolution
.genetics.Washington.edu/phylip.html]) by using both the MP and NJ
algorithms and bootstrapped 100 times using Seqboot. The topology of
the resulting consensus tree was compared to the 16S rRNA gene-based
treetopology,andconﬂictingnodesbetweenthetwotreeswhichalsohad
bootstrap support higher than 50 were identiﬁed as cases of HGT.
Toevaluatehowuniquethecaseofinterphylumgenetransferbetween
andSphaerochaetais,thefollowingapproachwasused.Alloftheavailable
completedbacterialandarchaealgenomes(asofJanuary2011,n1,445)
that showed genetic relatedness among them similar to the relatedness
amongtheSphaerochaetagenomes(i.e.,65%0.5%gAAI)wereassigned
to the same group. All protein-coding genes common to the genomes of
different groups were subsequently determined by using the BLASTP al-
gorithm as described above. The BLASTP results were analyzed by using
sets of three genomes at a time, each genome representing one of three
distinct groups, (i) a reference group, (ii) a group from the same phylum
asthereferencegroup,or(iii)agroupfromanotherphylum.Theratioof
the number of genes of the reference genome with best matches in the
genome of the different phylum versus the number of genes in the refer-
ence genome with best matches to the genome of the same phylum was
determined for each set and plotted against the gAAI between the refer-
ence genome and the genome of the same phylum (Fig. 4). Groups of
genomeswithfewerthan40genesincommonwereremovedfromfurther
analysis to reduce noisy results from very distantly related or small ge-
nomes.
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